Carotenoids play an important role in human nutrition because of its provitamin A activity. The common cucumbers (Cucumis sativus L.) always develop white fruit with lower carotenoid, 22-48 µg/100 g fresh weight. 
INTRODUCTION
Carotenoids are the most widespread group of isoprenoid-derived pigments found in nature (Baranska et al., 2006; Ronen et al., 2000) . They play an important role in human nutrition because of its pro-vitamin A activity (Wong et al., 2004 carotenoid biosynthetic pathways has allowed for improvement of β-carotene levels during the breeding of some crop species (Fraster and Bramley, 2004; Santos and Simon, 2002) . The carotenoid biosynthetic pathway is well characterized in several organisms (Sandmann, 1991) , and genes encoding different carotenoid enzymes have been cloned from a variety of bacteria and plant species (Tereshina et al., 2003; Fray and Grierson, 1993; Al-Babili et al., 2000; Bouvier et al., 1994 Bouvier et al., , 2000 Lefebvre et al., 1998) . Mapping analysis of quantitative trait loci (QTL) is a promising initial first-step in the identification of genes responsible for carotenoid accumulation in plants (Liu et al., 2003, Santos and Simon, 2002; Pflieger et al., 2001) . For instance, the position of QTL controlling carotenoid content and flesh color in corn (Zea mays L., Wong et al., 2004) and carrot (Daucus carota L., Just et al., 2007) have been compared to candidate genes to identify markers that have potential in marker-assisted selection (MAS).
In commercial cucumber (Cucumis sativus L.; 2n=2x=14), all common market types develop fruit whose mesocarp and endocarp tissue coloration is white to pale green . Typically, the fruit of commercial cucumber possesses a total carotenoid content of between 22 to 48 µg/100 g fresh weight (Heinonen et al., 1989; Kandlakunta et al., 2008) . In contrast, the "Xishuangbanna gourd" (XIS; Cucumis sativus var. xishuangbannanesis Qi et Yuan; 2n=2x=14) develops fruit with orange-colored endocarp/mesocarp (i.e., β-carotene), and is cross-compatible with cultivated cucumber (Qi et al., 1983; Yang et al., 1991) .
The genomic position of genes controlling β-carotene content in cucumber fruit is not known. Therefore, a study was designed to identify quantitative trait loci (QTL) associated with orange internal color (mesocarp and endocarp) and β-carotene content in cucumber fruit, and putative carotenoid biosynthesis genes, and then determine the genetic map position of these QTL and putative carotene-associated structural genes in this species. This information would assist in the introgression of fruit quality genes (i.e., pigmentation and β-carotene) into cucumber through MAS, and provides the initial step in the identification of candidate genes controlling β-carotene accumulation.
MATERIALS AND METHODS

Germplasm and Population Development
Two F2 mapping populations were derived from single F1 plants resulting from the crosses of 'EC1' × 'SWCC9' (F2 Population 1) and 'Gy7' (synom., G421) × #14 (F2 Population 2). 'EC1' and 'Gy7' are gynoecious (gy) with white fruit flesh and lower carotenoid, belong to the processing cucumber. 'SWCC9' is Xishuangbannan cucumber with orange fresh color found in Yunnan province in China. #14 is the high-carotene cucumber inbred line 'EOM 402-10' developed from U.S. pickling cucumber with XIS by Simon and Navazio (1997) . The population sizes were 79 and 143 plants, respectively, for Population 1 and Population 2. They were planted in different year and location, separately. Fruits from each color category provided mescocarp and endocarp samples (~5.0 g fresh weight, respectively) that were held at -80°C for extraction of ∂-, β-, and ε-carotene, lycopene, and xanthophyll as described by Simon and Wolff (1987) and their quantification by high-performance liquid chromatography (HPLC) using system B as described by Khachik et al. (1992) . Mean and standard errors (S.E.) of content of each carotenoid compounds in fresh and dry mesocarp and endocarp samples were calculated based on known standard values.
DNA Extraction and Marker Analysis
Leaves of seedlings at the 3-to 5-leaf stage were harvested from parents ('EC1', 'SWCC9', 'Gy7', and USDA #14), and F1 and F2 progenies were collected, and total genome DNA was extracted by a modified CTAB extraction procedure according to Murray and Thompson (1980) . Five-hundred and seventy-two RAPD, 134 SCAR, 476 SSR [92 cucumber and 384 melon (Cucumis melon L.)], 191 EST, 31 SNP, 64 EcoR I/Mes I AFLP, and 24 EcoR I/Los I SSAP primer combinations described by Cuevas et al. (2009) were used initially in a parental screen to identify potentially useful polymorphic markers for map construction.
Polymerase chain reactions (PCR) for RAPD, SCAR, SSR, EST, and SNP primers were performed in 15 µl reaction volumes of a uniform reaction mixture containing 3.0 mM MgCl 2 , 0.2 mM of each the dNTPs, 0.4 µM primers, 15-20 ng of genomic DNA, 1 unit of Taq DNA polymerase and commercial buffer (Promega, Madison, Wisc.) (Fazio et al., 2003) . The PCR products were electrophoresed on 2% agarose gels (Life Technologies, Gaithersburg, Md.), and then gels were stained with ethidium bromide (0.5 µg/ml) and recorded using a Dark Reader trans-illuminator (Clare Chemical Inc., Denver, Colo.) closed circuit digital (CCD) camera system (Serquen et al., 1997) . For AFLP and SSAP analysis, adapters and primers were purchased from Integrated DNA Technologies Inc. (Shanghai, China), and band morphotypes were visualized according to Vos et al. (1995) after silver nitrate staining (Panaud et al., 1996) .
Marker segregation was tested against expected Mendelian ratios using a chi-square goodness-of-fit test (Vuylsteke et al., 1999) . Only data not significantly (p<0.05) different from expected 3:1 (dominant markers) or 1:2:1 (codominant markers) segregation ratios were utilized for map construction.
Map Construction and QTL Analysis
Genotype data for 79 and 143 of the two F2 populations (i.e., Populations 1 and 2, respectively) were used for map construction using MapMaker/EXP 3.0 (Lander et al., 1987) . Markers were initially relegated to linkage groups using the 'Group' command at a LOD threshold of 3.5, and a minimum recombination frequency value of 0.30. Markers within a group were subsequently ordered using the 'Order' command employing a LOD of 3.0, and then all remaining markers were located with the 'Try' command and the map order retested using the 'Ripple' command. Map distances were calculated with the Kosambi function to allow for graphic representation of the linkage groups by MapDraw software (Liu and Meng, 2003) .
The algorithm of WinQTLCart2.5 (Wang et al., 2004 ) was used to detect the QTL by composite interval mapping (Zeng, 1993 (Zeng, , 1994 ) with a walking speed of 2 cM and a window size parameter of 3.0 cm. A stepwise forward regression procedure allowed for the inclusion of up to 12 maximum background markers to reduce background effects. A QTL was declared significant when the LOD score was higher than the LOD threshold calculated using 1,000 permutations for an experimental-wise (type I) error rate of p = 0.05.
All mapped markers were designated by marker type, marker name, and PCR product fragment size according to Fazio et al. (2003) . For example, while codominant marker heterozygotes were defined by their parental band bp product constituents (e.g., SSR_C_CSWTA11B_383/379), dominant markers were identified by single banded morphotypes (e.g., RAPD_N18_380).
Target Genes and Primer Design of Putative Carotenoid Biosynthesis Genes
Degenerate primers for plant target genes were designed from homologous nucleotide sequences of diverse origin, and the cDNA or mRNA sequences of carrot drawn from the NCBI database (http://www.nvbi.nlm.nih.gov), and then aligned using ClustalX (Thompson et al., 1997) . Degenerate primers for several carotenoid structural genes previously defined in carrot were also evaluated for their homology with cucumber (Just et al., 2007) .
Primer pairs were employed in PCR with genome DNA of four parents ('EC1', 'SWCC9', 'Gy7', and USDA #14) and two F1s for mapping the gene. The PCR products were electrophoresed to define the unique amplicons of the primer pair in those materials. These amplicons were then sequenced to identify the single nucleotide polymorphisms (SNPs) between parents for development of a primer pair specific to NCED (9-cis-Epoxycarotenoid dioxygenase) in cucumber (homozygote and heterozygote forms), and then employed in the two F2 populations to obtain segregation data for mapping the of this putative carotenoid biosynthesis target gene in cucumber.
RESULTS AND DISCUSSION
Map Analysis
Initially, parental genotyping involved 1,492 ('EC1' and 'SWCC9') and 1,118 ('Gy7' and USDA #14) to identify putative markers prior to map construction (Populations 1 and 2, respectively). The parental set 'EC1' and 'SWCC9' was more polymorphic than 'Gy7' and USDA #14. This may be partially explained by the fact that while Population 1 parents ('EC1' and 'SWCC9') are relatively diverse, the genetic affinity between USDA #14 {[(XIS and 'Addis') 'Addis']S4} and 'Gy7' is comparatively small (Meglic and Staub, 1996) . Nevertheless, 14 polymorphic markers (12 RAPD, 1 SCAR, and 2 SNP) were shared between these mapping populations.
Parental genotyping defined 119 and 30 segregating loci in mapping Population 1 ('EC1' × 'SWCC9') and 2 ('Gy7' × 'USDA #14'), respectively. Mapping lead to the construction of a 74-point (62.2% of segregating loci) and a 23-point map (76.7% of segregating loci) in Population 1 (Map 1) and 2 (Map 2), respectively. Map 1 consisted of 43 RAPD, 3 SCAR, 4 cucumber SSR, 4 melon SSR, 2 EST, 9 SNP, 8 AFLP, and a SSAP marker distributed across 16 linkage groups spanning 899.0 cM. In contrast, Map 2 consisted of 18 RAPD, 1 SCAR, 1 EST, and 3 SNP markers distributed in seven linkage groups spanning 230.9 cM. The mean marker interval of Map 1 and 2 was 12.0 and 9.6 cM, respectively. Given the estimated map length of cucumber (~1,500 cM; Staub et al., 1993) , the number of markers identified and the mean marker interval, these maps must be considered unsaturated. Their potential efficacy for breeding, however, could be dramatic if collinear QTL associated with economically important traits could be defined.
QTL Identification 1. Mesocarp and Endocarp Fruit Color.
QTLs associated with mesocarp color and endocarp color (MC and EC) were detected in both mapping populations. During map construction in Population 1, three genomic regions, two on linkage group (LG) LG 6 (interval SNP_AB14SNPG1H1_470/519 to RAPD_AV18_1000 and interval RAPD_AT15_950 to RAPD_AF20_650) and one on LG 9 (interval SSR_M_TJ24_1050/1020 to RAPD_AF7_900) were detected for MC and EC, respectively. Additionally, one QTL associated with MC and one QTL for EC were detected on LG 15 (interval RAPD_AC8_800 to RAPD_AF4_400) and one on LG 16 (interval SCAR_AA9B_1200 to SCAR_AJ18_950), respectively.
In Population 2, two regions, one on LG 2 (interval SCAR_BC592_700 to RAPD_I1_1500) and one on LG 3 (interval NCED to SNP_ N8SNPG2H3_569/517) were identified as associated with MC and EC, respectively. One QTL for EC was identified on LG 5 (interval RAPD_AG11_1070 to RAPD_AW7_700).
The QTLs associated with interior fruit color (i.e., MC and EC) detected in both populations were of differing number, relative strength (i.e., R2 value) and position. The map position of some common QTLs (mc6.1 and ec6.1 on LG6 in Map 1, and mc3.1 and ec3.1 on LG3 in Map 2), however, were collinear, being typified by four markers (3 dominant and 1 codominant) for these traits in each map. Given their (fruit color) relative association strength (i.e., LOD) and collinearity between maps 1 and 2, these QTLs are considered consistent and stable (i.e., likely not affected environment).
Carotene Content
The interior orange fruit color of XIS is determined by carotenoid pigment composition (Navazio and Simon, 2001) . Results of HPLC analysis of white to orange mesocarp and endocarp pigmentation of parental lines ['Gy7' (white) and USDA #14 (orange)] recapitulate the relatively simple inheritance of β-carotene (Cuevas et al., 2009) and the operation of a putative major gene(s) control of xanthophyll production (Navazio and Simon, 2001) . These genes are integrally involved in the development of orange interior fruit color and consequently β-carotene in cucumber. The content of other carotenoid, such as ∂-carotene, lycopene and ε-carotene in cucumber fruit is extremely low and were negligible in the analysis conducted herein. Consequently, only genomic regions for β-carotene and xanthophyll content in mesocarp and endocarp tissue were selected for biochemical analyses and QTL mapping. Moreover, since the results of relative β-carotene and xanthophyll content in fresh and dried samples were similar (data not shown), only data derived from dry samples were used in QTL analyses.
The QTL associated with the β-carotene content in mesocarp and endocarp tissue (mdb2.1 and edb2.1) mapped to LG 2 and spanned an interval (SCAR_BC592_700 to RAPD_I1_1500) that was associated with the map position of mesocarp and endocarp fruit color (mc2.1 and ec2.1). In the case of xanthophyll content of mesocarp and endocarp, the QTLs designated mdx3.2 and edx3.1 mapped to LG3 (interval SNP_N8SNPG2H3_569/517 to RAPD_AQ18_1050), which was distant (35.1 and 20.8 cM) from QTL mc3.1 and ec3.1 for mesocarp and endocarp color, respectively. However, QTL governing the content of β-carotene in endocarp (edb3.1) and xanthophyll in mesocarp (mdx3.1) mapped to the same genomic region as mc3.1 and ec3.1, and were themselves in close proximity to these QTL (9.0 and 6.9 cM, respectively). These results support the contention that some interior fruit color and carotenoid loci may be linked in cucumber (Navazio and Simon, 2001) .
Carotenoid Biosynthesis Genes
A SNP was detected in one cucumber carotenoid biosynthesis gene, NCED (9-cis-Epoxycarotenoid dioxygenase), and mapped to a collinear genomic region on LG6 in Map 1 and LG3 in Map 2. These regions were associated with QTL defining interior fruit color (i.e., adjacent to mc6.1 and ec6.1 at 3.7 and 5.8 cM, respectively, and to mc3.1 and ec3.1 at 7.5 and 8.2 cM, respectively. Although NCED mapped to different regions in each map, the relative marker order was the same in this collinear map region.
These associations and their possible relationship to the control of β-carotene biosynthesis suggests that NCED might be worthy of more extensive candidate gene analysis. Such map information is, in fact, often a first step to the identification and assessment of candidate genes (Faris et al., 1999) . Such studies have assessed the role of genes encoding key enzymes in carbohydrate metabolism during the early growth in maize (Causse et al., 1995) and have identified genes controlling carotenoid accumulation in red pepper (Capsicum annuum var. annuum L.; Huh et al., 2001 ). In the case of carotenoid synthesis in durum wheat (Triticum durum L.), Pozniak et al. (2007) located a phytoene synthase (Psy) gene that is important in the formation of phytoene via the condensation of two geranylgeranyl pyrophosphate (GGPP) molecules on chromosome 7B. They further determined the association of Psy with a QTL controlling the variation in endosperm color on chromosome 7B, which lent support to the role of Psy in the expression of endosperm color. This is the first report regarding QTL analysis and the mapping of interior fruit color, carotenoid content and a putative carotenoid biosynthesis gene in cucumber. The exotic cucumber, XIS, was used as a donor source of orange color and elevated relative β-carotene and xanthophyll in two distinctly different mapping populations (i.e., Long Chinese and U.S. Pickling market types). The QTL defined herein were associated with interior color and carotenoid content (i.e., edb3.1, mdx3.1, mc3.1, and ec3.1) and form the basis for the development of breeding strategies using MAS for the introgression of carotenoid genes into commercial cucumber. Given the relatively few QTL associated with these traits and their comparatively high allied LOD values, backcross MAS could be advantageous in the development of orange-colored, high β-carotene containing cucumber germplasm (Fazio et al., 2003; Fan et al., 2006) .
